We report the development of a computerized, mathematical system for quantitating the various types of cell motility. This Fourier analysis method simultaneously quantifies for individual cells (i) temporal changes in cell shape represented by cell ruffling, undulation, and pseudopodal extension, (ii) cell translation, and (iii) average cell size and shape. This spatial-temporal Fourier analysis was tested on a series of well-characterized animal tumor cell lines of rat prostatic cancer to study in a quantitative manner the corre- 
Cell motility is often used synonymously with cell translation, yet translation represents only one of the many types of cell movement. Cell motility may involve membrane ruffling and undulation, pseudopodal extensions (i.e., blebs, filopodia, or leading lamellae), or various types of translation including random or persistent cell walks. These types of motility may be expressed after several types of biological stimulation. For example, oncogenes (1) (2) (3) (4) , hormones (5) , and various growth factors (6) (7) have been demonstrated to induce membrane ruffling in cultured cells. It is becoming apparent that quantitative information describing these types of cell movement is needed to study and understand better the processes of cell motility.
Several techniques and various mathematical approaches have been used to quantify cell translation [e.g., the Boyden chamber (8) , phagokinetic tracks (9) , the under-agarose method (10) , the Markov chain model (11) , cell diffusional coefficients (12) , and analysis of cell centroid (13) ; for reviews, see refs. 14 and 15] . These methods analyze motility by studying static representations of cell translation but fail to describe accurately the dynamic nature of the processes involved in cell movement. Time-lapse video recordings of cell movements have provided visual information on the various types of cell motility and have allowed the development of subjective classification schemes (16) . Unfortunately, the overwhelming quantity of data provided by time-lapse video techniques has made extraction of useful quantitative information difficult.
The types of motility exhibited by individual cells mimic a wave-form motion that may be analyzed by several mathematical techniques (14, 15) . The complex shape of a cell contour can be decomposed into spatial harmonics that are the sinusoidal frequencies that produce that shape. Fourier analysis of cell contours utilizes a Fourier transform to provide a mathematical representation of a cell shape by reduction into its component sine and cosine Fourier coefficients. We report the development of a mathematical, computerized image analysis method utilizing a spatialtemporal Fourier analysis that is capable of analyzing timelapse data and that provides accurate, quantitative information on the various types of cell motility. We have applied this method to the study of tumor cell metastasis in the Dunning R3327 rat model of prostatic cancer.
RESULTS AND DISCUSSION
Cell Culture, Microscopy, and Image Analysis. Fig. 1 The magnitude (amplitude) of a Fourier coefficient represents how much a given spatial harmonic contributes to the overall shape of the cell. Changes in cell shape can be analyzed with a second fast Fourier transform that quantifies the temporal fluctuations in the amplitude of each spatial harmonic. We have defined the amplitude at each location in the matrix as an individual Fourier motility coefficient. The location of each motility coefficient on the matrix represents the temporal frequency (7) at which that spatial harmonic (S) was changing with time. The amplitude of each motility coefficient represents how much a given spatial-temporal harmonic contributes to the overall cell movement (Fig. 1) . This matrix contains a quantitative description of all cell movement occurring within the time the cell was studied.
This Fourier analysis is sensitive to the size (perimeter length) of the cell being analyzed. The amplitudes of the spatial harmonics that describe two identically shaped yet different size cells would differ proportionately. To eliminate size dependency, all Fourier motility coefficients are sizenormalized by dividing by the average perimeter of the contours within the time series analyzed. This system served as a prototype for a Zeiss cell motility morphometry work station.
In a cell exhibiting low amounts of motility, the shape and location of the cell contour do not change significantly over time. The Fourier analysis of such a series of contours would result in low-amplitude temporal changes in the size of the spatial harmonics (Fig. 1) . Conversely, the Fourier analysis of a highly motile cell would show high-amplitude temporal changes in the size of the spatial harmonics ( Fig. 1) .
Computer-Generated Models of Cell Motility. A series of animated computerized cell motility models were constructed that exhibited mathematically defined spatial, as well as temporal, amplitude and frequency changes mimicking each type of cell motility. These models were then analyzed with the Fourier technique to determine the general locations within the motility coefficient matrix of each type of cell motility.
Computer-generated models of ruffling, pseudopodal extension, and undulation were made. To determine the effect of spatial amplitude on the height and location of the Fourier motility coefficients (Fig. 2) , the spatial amplitude for (Fig. 2) 2). Ruffling, characterized as high-frequency and loweramplitude cell membrane changes, was modeled in a similar fashion and caused small time-dependent changes in the temporal harmonics (S = ±5-64) and (T = +1-32) (Fig. 2) .
Various computer models demonstrating membrane ruffling and undulation were generated. Within these models, the spatial amplitude of the ruffling, the temporal frequency at which the change occurred, the spatial frequency of the membrane change, and the amount of total cell contour involved in the motility were all singly analyzed in a fashion similar to that shown above for pseudopodal extension. Fig.  4B demonstrates that the Fourier motility ruffling index increases proportionally to the increase in amplitude (height) of the ruffles. Fig. 4A shows that the Fourier motility ruffling index, unlike that shown in the pseudopod experiment, increases as the percent of total cell contour increases. Models of undulation demonstrated similar results.
Study of Control (Nonmotile) Cells. To determine the error due to manual digitization inherent with this technique, the same cell image was hand-digitized 64 times, representing a cell with no motility. These contours were then analyzed with the spatial-temporal Fourier transform and formed a control blank for this technique. The motility coefficients representing cell shape change and translation with this blank had minimal noise and the values were less than one-third of the very lowest motility values calculated for a cell.
Visual Motility Grading. Cell contours (64 for each of 156 Dunning cells) were graphically displayed on the computer monitor in rapid succession (1 contour per 2 sec) to mimic the movements of the cell. Three parameters of cell motility were graded visually. The three motility parameters (ruffling, pseudopodal extension, and translation) were subjectively graded from 0 (no motility) to 5 (large amounts of observed motility). Each visual motility parameter was tested for its correlation with values obtained with the Fourier method of quantifying cell motility with linear correlation coefficients.
Comparison of Visual Grading and Fourier Analysis of Cell Motility. To determine whether this Fourier method for (19) (20) (21) (22) (23) (24) (25) . Cell motility may have an essential role in metastasis (16, 20, 22, 23, 25) . Guirguis et al. (26) reported that an autocrine motility factor stimulates the formation of pseudopodal protrusions from cancer cells. Previously, we combined (16) time-lapse videomicroscopy and a subjective visual grading system of cell motility to correlate membrane ruffling, pseudopodal extension, and cell translation with metastatic potential in an animal tumor model of prostatic cancer (17 
